Objective In this study, we aimed to assess the association between four variants in three genes whose association has been reported in adults but not in children. We evaluated the relationship of the GCKR (rs780094), GCKR (rs1260333), FADS (rs174547), and MLXIPL (rs3812316) polymorphisms with serum lipid levels in Iranian children. Design This cross-sectional study was conducted in a subpopulation of the CASPIAN III study. During this study, 550 frozen whole blood samples were selected randomly. Using the recorded information of selected cases, those with and without abnormal lipid levels were determined. Allelic and genotypic frequencies of GCKR (rs780094), GCKR (rs1260333), MLXIPL (rs3812316), and FADS (rs174547) polymorphisms were determined and compared in dyslipidemic and normal children. The association between the studied polymorphisms and lipid profiles was determined using logistic regression analysis. Results Prevalence of hypercholesterolemia, hypertriglyceridemia, high low-density lipoprotein cholesterol (LDL-C), and low high-density lipoprotein cholesterol (HDL-C) were 24.9, 34.5, 19.0, and 40.7%, respectively. Significant correlations were found between GCKR (rs780094) and GCKR (rs1260333) polymorphisms and cholesterol and triglyceride levels, between FADS (rs174547) polymorphism and level of triglyceride, and also between MLXIPL (rs3812316) and levels of HDL-C. Conclusions The results of this population-based study provide evidence for a relationship between lipid regulatory gene polymorphisms including GCKR (rs780094), GCKR (rs1260333), FADS (rs174547), and MLXIPL (rs3812316) with dyslipidemia in an Iranian population. These results could provide baseline information on as well as further insight into the genetic makeup of lipid profiles in Iranian children, which could be used for preventative strategies.
Introduction
Dyslipidemia is an important risk factor for future cardiovascular disease in children, which could continue/persist into adulthood and increase the rate of morbidity and mortality in these individuals as adults [1] . It is considered as an emerging health problem among children and adolescents due to the high prevalence of the disease. Evidence has reported that unfavorable serum lipid levels are present in approximately one in five children and adolescents aged 8 to 17 years [2] .
Results of a systematic review study in Iranian children have indicated that dyslipidemia is a common cardiovascular risk factor with a prevalence of 48%, 3-50%, 5-20%, and 5-88% for hypercholesterolemia, hypertriglyceridemia, elevated lowdensity lipoprotein cholesterol (LDL-C), and low high-density lipoprotein cholesterol (HDL-C), respectively [3] .
Dyslipidemia is a multifactorial trait. Evidence has indicated that multiple genetic and environmental factors and their interaction contribute to the occurrence of different lipid traits [4, 5] . The role of genetic factors and genotype-phenotype association in determining plasma lipoprotein levels has been described in adults [6, 7] . However, there are few studies in this field concerning children and adolescents and there has been no genome-wide association study (GWAS) for lipid levels in children and adolescents. A small number of recent post-GWAS studies have investigated the genetic contribution of GWAS-associated polymorphisms for lipid levels in children. These documented that lipid-related polymorphisms in adults are also associated with blood lipid levels in early life [8, 9] . Christie et al. have demonstrated that lipid-lowering preventative strategies during childhood could be effective in genetically predisposed pediatric populations [9] . In addition, recent studies suggested that for the prevention of subclinical atherosclerosis and its progression to clinical cardiovascular disease (CVD) and related complications, identification of lipid metabolism-related polymorphisms in early life could be helpful [10] .
It is also well established that the genetic determinants of disorders (including dyslipidemia) are different in various populations and ethnic groups, the characteristics of dyslipidemia and its dominant components varying in different populations [11] .
Dyslipidemia is considered a common metabolic disorder in the Iranian population and the most common variation in children is hypertriglyceridemia and low HDL-C levels [3] .
Given the importance of proper management of metabolic risk factors including dyslipidemia for prevention of CVD and related complications, we aimed to assess the association between four variants in three genes whose association has been reported in adults but not in children. We evaluated the relationship of the GCKR (rs780094), GCKR (rs1260333), FADS (rs174547), and MLXIPL (rs3812316) polymorphisms with serum lipid levels in Iranian children. The glucokinase regulatory (GCKR) gene encodes glucokinase regulator protein which regulates pancreatic beta cells and hepatocyte activity and plays a key role in triglyceride and glucose homeostasis [12] .
The MLX interacting protein-like MLXIPL (formerly known as ChREBP) regulates the expression of pyruvate kinase, which binds and activates glycolytic pyruvate into lipogenesis through the conversion of dietary carbohydrate to store fat in the liver [13] . The fatty acid desaturase 1 (FADS1) gene encodes fatty acid desaturase enzymes which regulates the desaturation of fatty acids [14] .
Materials and methods
This cross-sectional study was conducted in a subpopulation of the third survey of the school-based surveillance system entitled Childhood and Adolescence Surveillance and Prevention of Adult Noncommunicable Disease (CASPIAN III) Study.
Briefly, the CASPIAN III study is a school-based nationwide health survey which was carried out in 27 provinces of Iran in [2009] [2010] . The protocol of the study was approved by ethics committees and other relevant Iranian national regulatory organizations. Details of the study including data collection, sampling, and measurements have been published [15] .
During the main survey, 5528 students aged 10-18 years were selected by multistage random cluster sampling from rural and urban regions of the 27 provinces. Written informed consent and oral assent were obtained from parents and children, respectively. A team of trained health care staff recorded the demographic characteristics of each participant using validated questionnaires. Measurements including weight, height, waist circumference, and blood pressure were performed by the trained team and physicians applying standard protocols and using calibrated instruments. Body mass index (BMI) was calculated (body weight in kg/height in m 2 ). Fasting venous blood sample was obtained from the students for biochemical measurements including plasma levels of glucose and lipid profile variables including total cholesterol (TC), triglycerides (TG), HDL-C, and LDL-C. The lipid profile was measured by autoanalyzer using Pars Azmoon diagnostic kits (Tehran, Iran).
Lipids were measured using auto-analyzers. HDL-C was measured after precipitation of non-HDL-C with dextran sulfate-magnesium chloride. The biochemical measurement in each county was performed in the central provincial laboratory with the standards of the National Reference Laboratory collaborating with the World Health Organization [15] .
The protocol of the current study as a substudy of the CASPIAN III study was approved by the regional ethics committee of the Isfahan University of Medical Sciences with the research project number 193058.
In this study, 550 frozen whole blood samples were selected randomly. Using the recorded information of selected cases, those with abnormal lipid levels were determined.
Dyslipidemia was defined as follows for each lipid profile [16] :
1. Low HDL-C, < 40 mg/dL 2. Hypercholesterolemia, ≥ 170 mg/dL 3. Hypertriglyceridemia, ≥ 100 mg/dL 4. High LDL-C, ≥ 110 mg/dL Allelic and genotypic frequencies of GCKR (rs780094), GCKR (rs1260333), MLXIPL (rs3812316), and FADS (rs174547) polymorphisms were determined in all selected cases and compared in dyslipidemic and normal children.
Molecular study
Genomic deoxyribonucleic acid (DNA) was extracted from peripheral blood samples using the YATA DNA extraction kit (YATA, Iran) according to the manufacturer's protocol. The GCKR (rs780094), GCKR (rs1260333), MLXIPL (rs3812316), and FADS (rs174547) polymorphisms were identified using the NCBI data bank. Primers of the four polym o r p hi s m s w e r e d es i gn e d b y B ea c on D e s i g ne r 8.1(PREMIER Biosoft International, USA) to flank the desired regions. The primers were synthesized by Bioneer (South Korea).
Genotyping was performed by real-time PCR and highresolution melt analysis (HRM) assay using a Rotor-Gene 6000 instrument (Corbett Life Science, Australia).
Using a Type-it HRM kit (Qiagen, Germany), the amplicons were generated according to the following program: one cycle at 95°C for 15 min; 40 cycles at 95°C for 15 s, 60.0°C for 15 s, 72°C for 15 s, one cycle of 95°C for 1 s, 72°C for 90 s, and a melt from 70 to 95°C rising to 0.1°C/s. The amplification mixture of a total volume of 25 μL included 12.5 μL of HRM PCR master mix, 1.75 μL of 10 μM primer mix, 2 μL of genomic DNA as a template, and 8.25 μL of RNase-free water. For each genotype reaction, we included sequence-proven major and minor allele homozygote and heterozygote controls.
Using the instrument software, the results of HRM were analyzed by comparing the melting curve shape between studied samples and known controls.
Statistical analysis
Our data were analyzed using IBM SPSS/PC statistical software version 21. The Hardy-Weinberg equation was tested to compare the observed genotype frequencies to those expected by χ 2 analysis. Quantitative variables are presented as mean (±SD). Mean levels of cholesterol, TG, LDL-C, and HDL-C in different genotypes of the studied polymorphisms were compared using one-way analysis of variance (ANOVA). The chi-square test was used to compare the genotype and allele frequency in participants with and without dyslipidemia. The association between studied polymorphisms (as independent variables) and dyslipidemia (as a dependent variable) was determined using logistic regression analysis. Variables such as age, sex, low physical activity, prolonged screen time, and familial history of non-communicable diseases were introduced into multivariate models to assess their role as confounders in the analysis of association, while for the covariate control procedures, interaction terms were assessed within the models. Measures of association were estimated as odds ratio and 95% confidence interval (OR, 95% CI). A P value of < 0.05 was considered significant.
Results
In this study, 528 students with a mean age of 15.0 (2.2) were enrolled; 51.7% of the studied population were girls. Prevalence of hypercholesterolemia, hypertriglyceridemia, high LDL-C, and low HDL-C was 24.9, 34.5, 19.0, and 40.7%, respectively. The prevalence of dyslipidemia in the studied population according to gender is presented in Fig. 1 . Prevalence of dyslipidemia was not significantly different between boys and girls (P = 0.189 for cholesterol, P = 0.407 for triglyceride, P = 0.537 for LDL-C, and P = 0.348 for HDL-C). Frequency of lifestyle-related factors including prolonged screen time and low physical activity and familial history of non-communicable diseases in the studied children with and without different types of dyslipidemia are presented in Table 1 .
Familial history of non-communicable diseases was significantly higher in all types of dyslipidemic children except low HDL-C (P = 0.017 for cholesterol, P = 0.020 for triglyceride, and P = 0.022 for LDL-C).
Prolonged screen time (P = 0.529 for cholesterol, P = 0.357 for triglyceride, P = 0.338 for LDL-C, and P = 0.120 for HDL-C) and low physical activity (P = 0.346 for cholesterol, P = 0.267 for triglyceride, P = 0.497 for LDL-C, and P = 0.579 for HDL-C) were not different between children with and without dyslipidemia.
Pairwise comparisons of the studied polymorphism genotype and allele frequency in participants with and without dyslipidemia are presented in Table 2 . Frequency of the GCKR (rs780094) gg allele was significantly lower in participants with hypercholesterolemia and hypertriglyceridemia (P = 0.03 for hypercholesterolemia and P = 0.009 for hypertriglyceridemia). Frequencies of the GCKR (rs1260333) cc allele and FADS (rs174547) tt allele were significantly lower in students with hypertriglyceridemia (P = 0.02 for GCKR (rs1260333) cc allele and P = 0.01 for FADS (rs174547) tt allele). Frequency of the MLXIPL (rs3812316) cc allele was significantly higher in participants with hypertriglyceridemia (P = 0.02).
Mean levels of TC, TG, LDL-C, and HDL-C in different genotypes are presented in Table 3 . Mean level of cholesterol was significantly lower in participants with the gg and cc alleles of the GCKR (rs780094) (P = 0.011) and GCKR (rs1260333) (P = 0.01) polymorphisms, respectively.
Mean level of TG was significantly lower in participants with the gg and tt alleles of the GCKR (rs780094) (P = 0.006) and FADS (rs174547) (P < 0.001) polymorphisms, respectively. Mean level of TG was significantly higher in participants with the cc allele of the MLXIPL (rs3812316) polymorphism (P = 0.032). Mean level of HDL-C was significantly lower in participants with the cc allele of the MLXIPL (rs3812316) polymorphism (P = 0.018). Mean level of LDL-C was significantly lower in participants with the gg allele of the GCKR (rs780094) polymorphisms (P = 0.004).
Mean level of LDL-C was lower in students with the cc allele of GCKR (rs1260333) (P = 0.05): the P value was on the boundary and the result is marginal and not statistically significant.
The association between lipids and the GCKR (rs780094), GCKR (rs1260333), MLXIPL (rs3812316), and FADS (rs174547) polymorphisms in the studied pediatric population is presented in Table 4 . There was a significant correlation between GCKR (rs780094) and TC (P = 0.02, OR = 1.68, CI 95% 1.05-2.57) and TG (P = 0.006, OR = 2.19, CI 95% 1.25-3.85) levels. There was a significant correlation between the FADS (rs174547) polymorphism and level of TG. There was a significant correlation between MLXIPL (rs3812316) and levels of HDL-C (P = 0.009, OR = 2.40, CI 95% 1.24-4.65).
Discussion
In this nationwide study, we investigated the association between four variants in three genes, GCKR (rs780094), GCKR (rs1260333), MLXIPL (rs3812316), and FADS (rs174547) with serum lipid levels of Iranian children. Our findings indicated significant associations between TG level and the GCKR (rs780094) and FADS (rs174547) polymorphisms. Serum TC and HDL-C were significantly associated with GCKR (rs780094) and MLXIPL (rs3812316), respectively. Minor alleles of GCKR (rs780094), GCKR (rs1260333), and FADS (rs174547) and major alleles of MLXIPL (rs3812316) had an effect for/on TG. Minor alleles of GCKR (rs780094) also had an effect on TC.
In the current study, the prevalence of hypercholesterolemia, hypertriglyceridemia, high LDL-C, and low HDL-C was 24.9, 34.5,19.0, and 40.7%, respectively. Hypertriglyceridemia and low HDL-C were the most common types of dyslipidemia in this Iranian pediatric population. The results in our study, which was a substudy of the CASPIAN III study, were similar to those of the main CASPIAN survey and in accordance with the findings of a systematic review in the prevalence of lipid disorders in Iranian children [3] . Though ethnic and genetic backgrounds are associated with different types of dyslipidemia, BMI and dietary habits could also influence the plasma concentration of some lipids such as TG [3] . Results of various studies worldwide have indicated that the prevalence of specific dyslipidemias varies by ethnicity and geographical regions. Among US children, elevated TG and TC were the most common type of dyslipidemia [17] . Low HDL-C and hypercholesterolemia were the most prevalent types of dyslipidemia in Brazilian adolescents [18] . Dyslipidemia among Korean 10-18-year-old children was similar to our results [19] . Hypertriglyceridemia was the most frequent type of dyslipidemia in the pediatric population of Saudi Arabia and Thailand [20, 21] .
In the current study, we selected polymorphisms that are associated mainly with TG and HDL-C levels and have not yet been evaluated among the Iranian population.
The results of this study showed that the prevalence of a family history of non-communicable diseases was significantly higher in all types of dyslipidemic children than in nondyslipidemic ones, whereas the rates of lifestyle-related factors, including prolonged screen time and low physical activity, were not different between children with and without dyslipidemia. It thus seems that genetic factors are the strongest determinants of dyslipidemia in Iranian children. Some evidence has indicated that genetic variation is the most important factor affecting lipid levels in adolescents, presenting a 70-80% heritability rate [22] . The higher heritability of dyslipidemia in children and adolescents than in the adult population is due to the interaction between gene polymorphisms and different environmental factors during adulthood [22] .
The role of the GCKR gene in lipid metabolism has not as yet been thoroughly investigated. However, the association of its variants, mainly rs780094 and rs1260326, with plasma TG level has been reported by genome-wide association studies [12, 23, 24] .
In this study, two of the abovementioned variants were studied. GCKR polymorphisms were firstly reported by genome-wide association studies regarding their association with TG levels [12] . The results of a number of populationbased studies have indicated that the GCKR gene contributes to the risk of dyslipidemia, namely, mainly hypertriglyceridemia and hyperlipidemia [23] . Recently, Surakka et al. have identified genetic variants associated with dyslipidemia by studying 1000 Genomes Imputation in 62,166 samples. They identified 93 loci in this regard. According to their results, GCKR loci were classified as variants with known functional effects on lipid levels of the general population. The loci cause dyslipidemia through Mendelian Inheritance [25] .
Shang et al. in China have investigated the association between the rs780094 polymorphism and plasma lipid levels in 1026 Chinese children and adolescents aged 7-18 years. They showed that the GCKR (rs780094) polymorphism was associated with hypertriglyceridemia and high LDL-C. In addition, based on their findings, the A-allele of the SNPs could be a genetic risk factor for pediatric dyslipidemia [26] .
Horvatovich et al. also suggested a possible association of the GCKR (rs780094) polymorphism with dyslipidemia in children [27] . Lee and colleagues reported that the GCKR variant rs780094 is correlated with hypercholesterolemia and high LDL-C among Korean children [28] . Sparsø et al. demonstrated that the major G allele of GCKR rs780094 has a protective effect on total cholesterol levels in the Danish population [29] . Sotos-Prieto et al. reported that GCKR rs780094 is associated with total cholesterol among European populations and its AA allele was modestly in correlation with total plasma cholesterol levels [30] .
Our results showed that the minor alleles of the GCKR (rs780094) polymorphism in Iranian children are associated with hypercholesterolemia and hypertriglyceridemia, this finding being similar to those of the abovementioned studies conducted in Europe, Korea, and China [26, 28, 29] .
Another SNP of the GCKR gene which was investigated in the current study was GCKR (rs1260333). The association between GCKR rs1260333 variants with TG levels in children has been reported among European and Chinese children by Waterworth et al. and Shen et al., respectively [31, 32] . In this study, the mean levels of TC and LDL-C were significantly higher in children with a minor allele of the variant and the frequency of minor alleles was significantly higher in children with hypertriglyceridemia; however, logistic regression analysis did not indicate any association with any types of dyslipidemia among Iranian children. The results of logistic regression indicated that it tended to be associated with TG, though the value was not statistically significant. Clearly, in order to obtain more conclusive results, the relation should be investigated in a larger nationwide population. The exact mechanism of MLXIPL in lipid metabolism has not yet been fully determined [13] . Surakka and colleagues have classified MLXIPL as potential functional variant locus with no known functional impact on lipid levels. MLXIPL has no lipid-related variants listed in the online Mendelian Inheritance in Man database [24] . Recently, several GWAS reported some MLXIPL variants as being associated with plasma TG levels [33] . In the present study, we have evaluated the association of the MLXIPL (rs3812316) polymorphism with dyslipidemia.
The findings of previous studies in this field are not consistent in different populations. Some studies indicated that the G allele of the polymorphism is associated with lower levels of TG in Asians, Indian Asians, and Northern Europeans [34, 35] , whereas studies from central Europe and Hungary did not show any such association [36, 37] .
In this study, the frequency of the major allele of the MLXIPL (rs3812316) polymorphism was significantly higher in hypertriglyceridemic children. Mean levels of TG and HDL-C were significantly higher and lower in participants with the major allele of the polymorphisms, respectively. However, logistic regression analysis showed a significant correlation between HDL-C and the MLXIPL (rs3812316) polymorphism. Lack of an association between the variants and TG may be due to the small sample size. Our findings regarding the association between the variants and HDL-C have not previously been reported. It is suggested that our results as a novel finding could be used for further studies regarding the role of this gene in the metabolism of HDL-C, especially in the Iranian population, previous studies having indicated that low HDL-C is considered as the most common type of dyslipidemia in the Iranian population [38] .
The association of the FADS1 gene variants with serum lipid compositions has been reported by a number of GWAS [14, 39, 40] . We studied the FADS (rs174547) polymorphism because it was investigated in pediatric populations. Standl et al. in Germany have reported that the mean level of TG was significantly higher in children aged 10 years old with minor alleles of FADS (rs174547) polymorphism [41] .
In another study in the Netherlands, the KOALA Birth Cohort Study carried out among 2-year-old children, FADS polymorphisms, including rs174547, were associated with plasma TC and HDL-C levels [42] .
In our study, the frequency of minor alleles of FADS (rs174547) was significantly higher in children with hypertriglyceridemia. Mean levels of TG were significantly higher in those with the minor allele of the SNP. There was no significant association between the polymorphism and different lipid compositions.
The present study has some limitations. Though the samples were selected from a population-based study and were a representative sample of Iranian children, the results would be more conclusive in a larger sample size. Moreover, we did not evaluate the sexual maturity of the participants, the impact of sexual maturation on children's lipid levels having been demonstrated in previous studies [43, 44] .
The strength of our study was its novelty in a pediatric population.
Conclusions
The results of this population-based study provide evidence for a relationship between lipid regulatory gene polymorphisms, including GCKR (rs780094), GCKR ( r s 1 2 6 0 3 3 3 ) , FA D S ( r s 1 7 4 5 4 7 ) , a n d M L X I P L (rs3812316), with dyslipidemia in an Iranian population. The fact that lifestyle-related factors such as screen time and physical activity were not different in dyslipidemic and normal children strongly indicates that genetic factors are important determinants for dyslipidemia in children. Some of our findings such as the association of GCKR (rs780094) with serum TG and TC level and GCKR (rs1260333) with serum TG levels were similar to those of previous studies. However, other findings such as the association of FADS (rs174547) with serum TG and MLXIPL (rs3812316) with HDL-C were novel and have not been previously reported. Our findings regarding the distribution of the studied SNP genotypes and allele frequencies in different types of dyslipidemia were similar to those previously reported.
The obtained data could provide baseline information on as well as further insight into the genetic makeup of lipid profiles in Iranian children, which could be used for preventative strategies. In addition, considering the high prevalence of type 2 diabetes and its increasing trend in low-and middle-income countries (including Iran) and the mutual association between dyslipidemia, type 2 diabetes, and its related cardiometabolic risk factors [45] [46] [47] , understanding the genetic basis of dyslipidemia in our population could be valuable for the prevention of other non-communicable diseases, such as type 2 diabetes.
Given that environmental factors, such as certain dietary components or phenotype such as obesity, could interact with studied SNPs, it is recommended that further studies be designed for the evaluation of the interaction of the SNPs with the abovementioned factors in the development of lipid disorders in children.
